A novel multiobjective, multiarea and multistage model to long-term expansion planning of integrated generation and transmission corridors incorporating sustainable energy developing is presented in this paper. The proposed MESEDES model is a ''bottom-up" energy model which considers the electricity generation/transmission value-chain, i.e., power generation alternatives including renewables, nuclear and traditional thermal generation along with transmission corridors. The model decides the optimal location and timing of the electricity generation/transmission abroad the multistage planning horizon. The proposed model considers three objectives belonging to sustainable energy development criteria such as: (a) the minimization of investments and operation costs of power generation, transmission corridors, energy efficiency (demand side management (DSM) programs) considering CO2 capture technologies; (b) minimization of Life-Cycle Greenhouse Gas Emissions (GHG); and (c) maximization of the diversification of electricity generation mix. The proposed model consider aspects of the carbon abatement policy under the CDM -Clean Development Mechanism or European Union Greenhouse Gas Emission Trading Scheme. A case study is used to illustrate the proposed framework.
Introduction
The energy policy and planning are changing worldwide due to the increasing concern about the world environment. The sustainable energy development has gained much attention of all governments on finding a trade-off between the economic development and the environmental constraints. One example is the current discussion about the global warming which is the top concern of most politicians and decision makers [1] [2] [3] .
Several studies using different approaches and different perspectives [4, 5] share the conclusion that the current world energy model (particularly the one of developed countries) is unsustainable on economic, social and environmental terms. Considering the current economic growth and the equalization in energy access to the world population, a serious environmental impact is expected. There is a broad consensus on sustainability challenges of the current energy model and on the general strategies required to face them [1] [2] [3] [4] [5] [6] [7] . The major aspects that the electricity/energy supply model should focus are: (a) the universal access to electricity; (b) the energy efficiency and savings; (c) the GHG Emission (global climate warning) and air pollutions; (d) the security of supply which means the dependence on energy imports and diversity of supply.
The traditional generation/transmission expansion planning of electricity is defined as the problem of determining which, where, and when new generation/transmission installations should be constructed over a long range planning horizon. The main objective of this traditional approach is to minimize the total investment and operating costs in order to supply the electricity demand following a set of technical criteria. In many countries the expansion planning of the electricity generation and transmission is done in a centralized way. Particularly in Brazil, the generation and transmission plan is made by the government. As for the generation, it is indicative whereas for transmission it is determinative. However, in countries such as Spain, the power generation/transmission expansion is an outcome of the market, i.e., it is driven by the economic signals generated in the market.
Additionally, Refs. [1] [2] [3] argue that, although markets are adequate instruments to achieve an efficient allocation of resources and to promote private initiative, the resolution of the sustainability cannot be left only to market forces. It requires other complementary instruments, such as carbon markets for a decentralized form, an indicative plan with incentives to follow its guidelines or a determinative plan.
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In this paper, a multiarea, multiobjective, and multistage model is proposed for integrating power generation/transport long-term expansion planning of the electricity systems. Such a methodology is named MESEDES and differ from the previous proposed methods in the following characteristics:
It includes three conflicting objectives to generate a set of expansion alternatives: (a) Investment and operational costs minimization, including costs in demand side management as well as cost of investments in carbon capture technology projects; (b) minimization of greenhouse emissions from power generation plants; and (c) maximization of the supply security based on the diversity of primary resources including energy imports. It considers aspects from the carbon market and GHG abatement policy under the Clean Development Mechanism (CDM) or European Union Greenhouse Gas Emission Trading Scheme. The electricity infrastructures (electricity energy mix, interconnections) are modelled on a multiarea manner for multistage expansion planning purposes resulting in a large-scale mixedinteger optimization model. Transmission infrastructures constraints and their energy losses are considered in order to measure the locational impact of the production additions, so that more realistic results to the electricity expansion planning are obtained.
The paper is organized as follows: Section 2 provides the formulation of sustainable objectives to be considered into the multiobjective expansion planning model presented in Section 3. Section 4 provides the numerical results corresponding to the application of these proposed models to a small but didactic test-system. Finally in Section 6 presents the conclusions.
Sustainable energy development criteria for generation/ transmission expansion model
The relevant aspects that should be tackled in the current expansion models are [1, 2] : (a) the access of modern energy services in a continued manner at affordable prices for all population which otherwise would condemn people to underdevelopment; (b) the concept of economic development is excessively coupled to energy demand, not taking into account the existing potential for energy efficiency and savings; (c) the massive use of fossil fuels is the major source of anthropogenic GHG, whose strong and sustained increase is a major driver of climate change, with potentially adverse economic, social and environmental effects; and (d) the growing dependence on energy imports threatens the security of supply in Europe, questioning the availability of long-lasting, reliable and cheap energy resources.
The complexity of these aspects and the mutual inter-relationships among them shows the impossibility of carrying out a longterm analysis of the energy supply without jointly accounting for all of them, from a global perspective.
Thus, the need of a sustainable development for the energy sector encourages the development of new strategies and planning models for the energy supply that considers the sustainability criteria. In this paper, three topics are formulated and discussed concerning this new paradigm: the economic, the security supply and the environmental constraints. These topics are represented by objectives such as the Clean Development Mechanism, the GHG emission, the traditional expansion costs, the diversification of primary resources to ensure the supply security.
Clean Development Mechanism -CDM
The European Union Emission Trading System (EU ETS) is the largest multinational, emissions trading scheme in the world, and is a major pillar of EU climate policy. Under the EU ETS, large emitters of carbon dioxide within the EU must monitor and annually report their CO2 emissions. They are also obliged every year to return an amount of emission allowances to the government that is equivalent to their CO2 emissions in that year. In order to neutralise annual irregularities in CO2-emission levels that may occur due to extreme weather events (such as harsh winters or very hot summers), emission allowances for any plant operator subjected to the EU ETS agreement are given out for a sequence of several years at once. Each sequence of years is called a Trading Period. The 1st EU ETS Trading Period expired in December 2007 monitoring all EU ETS emissions since January 2005. With its termination, the 1st phase EU allowances became invalid. Since January 2008, the 2nd Trading Period is under way, which will last until December 2012 [7] .
Clean Development Mechanism (CDM) gives industrialized countries the opportunity to meet some of their Kyoto Protocol obligations by purchasing Certified Emission Reductions from GHG reduction projects in developing countries in Latin-America and Asia. For example, Brazil's rich solar resources are not explored yet, but could help to reduce conventional energy demand. Likewise, in wind power generation, Brazil has not explored its resources as other world leaders, like Germany, Spain and the United States. In this context, it exists a great economical opportunities in developing countries to make money under CDM. Despite, the world has reacted strongly to the Copenhagen climate talks, expressing frustration and commenting that it stopped short of any end result. Even the campaigners and environmentalists were left stunned at what they viewed as a total disappointment.
The inclusion of the European Union Greenhouse Gas Emission Trading Scheme (EU ETS) in a power generation expansion problem was proposed in [35] . In that work, a power plant whose carbon emissions at a given output level exceeds its allowance has the option of incurring either the cost of: (a) reducing emissions to permissible levels through capture/abatement; (b) purchasing allowances or (c) paying the emission penalty associated to the excess emission. The rational behavior of power generators is to choose the least-cost option.
The formulation presented in this paper is a modified version of [35] . In this paper the original linear formulation was modified to consider Life-Cycle GHG Emissions (LCGHG) and a mixed-integer formulation. Hence, the addition of new constraints is necessary and the present value of the investments in carbon capture within the EU-ETS framework can be written as: 
The above formulation can be used in both applications:
To simulate and study the EU-ETS influence in European countries as an indicative expansion planning. To simulate and study the CDM scheme by developing countries.
In the last case the centralized government is interested in optimizing its gains from CDM opportunities by selling the emission reduction certificates to other developed countries. A developing country may or may not have gains which depends on: (a) its potentials of power generation using renewable resources or (b) reducing emissions to permissible levels through CO2 capture/ abatement technologies, which it is modelled in Section 2.2.3.
Notice that for developing countries either the country or the generation companies would not pay the emission penalty. However, in this paper, in order to promote the GHG emissions reduction, an international value of emission penalty is considered. In this case, the value of Eq. (1) is: (a) Negative, when, the country has certificated emission credits that would be trading on the international carbon market or (b) positive, when the country does not have certificated emission credits for trading. As a consequence, the country has an additional fictitious cost, which depends on penalty value and quantity of total GHG emissions excess.
The GHG emissions excess depends on GHG from power units, GHG captured, and in the case of developing countries, it depends also on the government goals, as well as their self objectives due social responsibility or economical interest to sell certificated emission under the CDM scheme of power companies.
Cost minimization

Investments and operational costs
The objective function of the proposed model considers the total present value of the sum of the equivalent annualized investment costs plus the annual operation costs. The equivalent annualized investment cost of an infrastructure j of a subsystem i is defined as: 
Thus, the investment and operational costs are formulated as: 
From Eq. (5), the first and second terms represent investments cost of generation and interconnections. The third term represents the operational cost of power generation units.
Investments costs of demand side management programs
The expansion planning should consider both supply and demand-side management (DSM) options simultaneously (i.e., integrated resource planning -IRP approach), instead of the traditional generation expansion planning where only supply side options are considered. The IRP approach would imply changes not only in the mix of end-use electricity using equipments in the demand side, but also in total electricity generation, installed capacity, fuel mix, technology mix and environmental emissions in the supply side. These changes in the power sector under IRP would affect positively the greenhouse emissions from other sectors in the economy. Gaining insights into the economy wide changes in pollutant emissions due to adoption of IRP and their underlying factors would be of interest to energy and environmental planners and policy makers.
Furthermore, an important issue related to the realistic energy saving and carbon abatement trough energy efficient demand-side management programs is its ''rebound effect" (also known as the ''feedback effect") which implies that actual electricity savings after the introduction of an energy efficient demand-side technologies would be less than the savings based on engineering estimates. This reduction in savings is due to reduction in effective ''price" (i.e., cost) of energy using service with the adoption of the DSM program. According to the literature, the rebound effect depends on many factors, and would vary between 18% and 40% [27, 28, 29] .
Similarly from [25, 30, 31] , in this paper, each DSM project of power generation expansion programs is modelled as an equivalent generating unit, which helps to meet the forecasted demand. Therefore, the DSM formulation and the rebound effect is considered in the proposed expansion model. Thus, the annualized investments costs are modelled as: 
In the above annualized cost, all the investment costs (equipment cost, installation cost, equipment operation and maintenance charges and others fixes costs) are included. Since the variable operation cost of DSM project is usually assumed null, it is assumed that when selected, the DSM project j could always ''dispatch" a quantity equal to its net power saved capacity, as follows:
;s pf i;j;s rf i;j;s dms
From Eq. (7) the net power saved capacity of a DSM project in a determined period and in a load-block is a function of its rebound effect factor (rf i,j,s ), its participation factor (pf i,j,s ) and its total power saved capacity (dms max i;j ) expressed in MW h. The binary variable from Eqs. (6) and (7) is xdsm t i;j , which determines if the DSM project is implemented or not.
Costs of Investments and operation in carbon capture technology
Recently, the concept of carbon capture and storage (CCS) by the means of reduction of CO2 emissions from power plants has emerged with several projects planned worldwide. The option of capturing CO2 and storing it offers a possibility of allowing the large reserves of fossil fuels to be utilized while, at the same time controlling GHG emissions [5] .
Concerns on the cost of CO2 capture, sequestration and the effectiveness of carbon policies loom discussions on climate change mitigation. Recent works [5, [32] [33] [34] address the issue from various perspectives. However, only the work [35] presents a methodology to determine the least cost approach in introducing carbon technology.
The CO2 capture process naturally increases costs, which are offset either in part or completely by the emission penalty that the power plant would have been obliged to pay in the absence of the capture activity. The formulation presented in this paper is a modified version of [35] . In this paper the original linear formulation is modified by adding new constraints to consider aspects of cycle-life GHG emissions under a mixed-integer formulation. Thus, minimization of the present value of the investments in carbon capture can be written as: 
It is important to consider that before implementing carbon capture technology to a power generation plant; it must be built and in operation. The constraint satisfying this condition can be written as:
Notice that, from Eqs. (1) and (2), or Eqs. (8)- (12), the optimal utilization of carbon capture technologies is subject to its operational/ investment cost, power plant CO2-eq emission penalty cost, operational cost and capacity constraints of power plant associated to it and others external factors such as the transmission system constraints.
CO2 emission
It is well known that carbon dioxide emissions are produced when fossil fuels are burned to generate electricity. In the literature many papers [19] [20] [21] [22] [23] [24] [25] [26] were presented considering the CO2 emissions in the power generation expansion planning. However, none of them considers the life-cycle GHG emissions of fossil energy technologies, nuclear and renewable energy technologies (RETs) as well as of large hydropower reservoirs.
All energy systems emit GHGs and contribute to anthropogenic climate change. It is now widely recognized that GHG emissions, resulting from the use of a particular energy technology, need to be quantified over all its cycle-life (operation or building stage, for example) of the power generation technology. Then, analyzing upstream and downstream processes and their associated GHG emissions, is very important. The GHG emissions resulting from electricity generation using fuel and technological options are usually underestimated [5, 36] .
Thus, consideration of life-cycle GHG emissions should have an important impact on the GHG emissions assessment and mitigation strategies in the generation expansion planning [36] . According to [36] , for fossil fuel technology options, upstream GHG emission rates can be up to 25% of the direct emissions from the power plant, whereas for most RETs and nuclear power upstream and downstream GHG emissions can account for over 90% of cumulative emissions. In economies where either carbon is being priced or GHG emissions constrained, it may provide an advantage to technologies with trans-boundary upstream emissions over technologies without significant life-cycle emissions arising outside the legislative boundaries of GHG mitigation policies. The consideration of the aspects above represents an improved and a more realistic way of developing the generation expansion planning considering GHG reductions objectives.
For example, the consideration of cycle-life GHG emissions of hydro plants into the expansion planning is very important, mainly in countries with hydro dominant systems, such as Brazil. Do tropical hydropower reservoirs cause GHG emissions to match those from fossil fuel plants? According to some author's [37, 38] calculations, degassing emissions from several large hydro dams in the Brazilian Amazon make these plants much larger contributors to global warming than fossil-fuel alternatives. Contrarily, according to other's authors [39, 40] large hydro dams's emissions are much less contributors than fossil-fuel alternatives. Hence, it is still an open question [41] [42] [43] [44] .
Thus, it is possible to conclude that large hydropower systems contribute to global warning and other environmental and social impacts. However, under the Clean Development Mechanism of the Kyoto Protocol, it is recognized as a promising renewable energy source alternative to climate change concerning sustainable power generation, particularly in developing nations [5] .
Modelling the life-cycle greenhouse gas (GHG)
For the power generation plants, the GHG lifecycle can be modelled into the electricity expansion panning as: 
The calculation of the direct (ef i;j in ton CO2-eq/MW h) and indirect (efI t i;j in ton CO2-eq/MW h) life-cycle GHG emissions factors is out of the scope of this paper. In this paper it is assumed that a database of these emissions factors is available in [36] .
The first and second terms of Eq. (13) represent the fixed and variable parts of GHG emissions during the life-cycle of power plant, respectively. The third term of this equation represents the GHG emission optimally captured using carbon capture technologies.
The proposed equation is a general formulation which considers the cycle-life GHG emissions from different power generation plants. For example, usually, for the case of fossil fuel technologies, the majority of life-cycle GHG emissions arise during the operation of power plant. Therefore the ef i,j terms are bigger than efI t i;j . Contrarily, the majority of GHG emissions associated with renewable technologies arise during equipment production and plant construction. Then, ef i,j would be null in some cases and efI t i;j very considerable during the construction period.
The third term of Eq. (13) represents the consideration of carbon capture technologies as a way to reduce the GHG.
Energy diversification
Refs. [45] [46] [47] claim that the system can only be sustainable if it seeks diversification and appropriate localization of electric energy sources. Moreover, it must ensure that the impact of using each source is within the environmental limits. They also state that the electrical system is not sustainable just because the fuel is renewable but the consideration must also be given to the wider issues of appropriateness, waste flexibility, energy security and interdependence. In [3, 46] it is demonstrated that the energy supply security is associated with the ability of a system to meet demands while not disrupting the economy. This is because the dominance of a single energy source is unsustainable in the long term and, moreover, it is a ''disaster waiting to happen" [45] . The energy security must be faced as a public good that is currently under-valued.
This problem is very complex, and the long-term energy supply expansion planning of a country should be diversified. However, it should preferentially take into account, the potential of energy source of each country or region. For example, in the Brazilian case, the power generation is 80% from hydropower. Actually only around 50% (installed capacity of 100 GW, in 2008) of this potential is being used to meet its actual electricity demand (around 60 GW in 2008). However, Brazil also has high wind, solar and ocean potential but these resources are not currently being developed in a desired proportion. This controversial problem justifies an urgent change in terms of a diversification of the energy matrix. It is important to remember that in 2001 Brazil's electricity industry experienced a major crisis not only because of the generation structural deficit but mainly due to weather conditions. Due to supply shortage, a 20% rationing program was imposed on approximately three-quarters of the total load [48] .
Refs. [45, 46] use the HHI and Shannon-Weiner index to measure the energy diversification. Because those indexes are nonlinear functions, in this paper a new linear index to measure the energy diversification is proposed and modelled as:
Subject to operational and physical constraints of the system and to: 
The above formulation is a minmax based formulation. It maximizes the energy mix diversification while minimizes the expansion/dispatch of energy sources. The common variable a t yields a minimal value where exist maximal energy mix diversification of the system. Obviously, this diversification level must be capable to satisfy the demand and all the other constraints of the system. Notice that the diversification objective function is the sum of the diversification variable a t in each period t, over the planning horizon. From Eq. (15), the common variable a t is greater or equal to the total sum of dispatch of power generation that uses energy source type k, each load-block (base, middle, peak). Notice that, the diversification variable a t is being considered only in period (t) terms because, for example, base load-block is usually met only by few base load-blocks power generation types. Contrarily, during peak-load blocks this demand is met by using most of available power generation types.
As discussed above, the constant -k is the preference of an energy source potential k, that the decision's makers have previously fixed. Obviously the sum of all the preferences -k must be 1 as:
Sustainable energy objectives
The proposed model MESEDES is structured as a long-term, multistage (dynamic), interregional or multiarea optimization model, resulting in a large dimensional problem of mixed-integer linear programming.
Objectives
The following objectives are considered in the model:
Then, the objective function is to find the best set compromise solution of:
Eff ¼ fFO 1 ; FO 2 ; FO 3 g
Constraints
The capacity of power generation plants, DSM, carbon capture technology and transmission lines projects are all summed upon in one period of the planning horizon. The following equations give the state on/off of the projects along the periods (usually annual periods) the planning horizon: 
The compromise method
In this paper, the multiple criteria decision making proposed in [23] has been used in order to find a compromise solution of Eff = {FO 1 , FO 2 , FO 3 } subject to constraints (17)- (34) .
In [23] an efficient social compromise between these conflicting objectives is obtained, which shows the advantages of using this model for policy-making purposes. The proposed compromise model is justified because the multiobjective programming models such the proposed in this paper present two problems: firstly, the precise generation of the efficient set for a problem, either linear or mixedinter linear model, is a very difficult task, even for the most powerful software available. Secondly, even if the set of extreme efficient points is approximated with the help of generating techniques, its final size will be huge. In fact, in the proposed model, one can generate thousands of extreme efficient points, which is obviously useless to any decision maker. Due to these reasons some bestcompromise solutions for the multiobjective model became sought. The full derivation and explanation of the method is out the scope of this paper, because the scope of this paper is just presenting a new multiobjetivo model for the expansion planning considering some sustainability criteria. For this purpose, the interested reader is referred to [23] . The compromise model can be summarized as:
Subject to :
And also subject to constraints of Eqs. (17)- (34) . The w i is used to defined the preferential weights which it also is named in the paper as social weights. In Section 3.4 of this Section 3, it is described the calculation procedure of it parameter.
For k ¼ 0, one has the L 1 solution, whereas k ¼ 1 yields the L1 solution. Other values of parameter k provide an intermediate solution between the L 1 and L1 solutions.
L1 and L 1 solutions represent two opposite poles. Therefore, the L1 solution implies the maximum aggregate achievement (maximum efficiency), while the L1 solution implies the most balanced solution between achievements of different objectives (maximum equity). The first solution can be extremely biased towards some of the objectives, whereas the second can provide poor aggregated performance between the different goals [23] .
Preferential weights elicitation
The interest of different social sectors to participate actively in the decision making process of the electricity expansion planning has grown. One of the forms to consider or to internalize these aspects involves aggregation of the preferences of each social sector into a single collective preference. Since this fact provides better information to society, it increases the credibility of the planning process. These aspects are especially relevant within a context where the environmental criteria play a key role [23, 49] .
The social groups that represent the interests of the society may be [49] : (a) ''regulators", (b) academics (c) electric utilities, (d) environmentalists.
In order to model the societal preferences to find a single collective preference to each objective presented in the previous section, the approach presented in [49, 50] was used in this paper. It is summarized as:
(1) The first step in eliciting preferential weights is to characterize the decision maker or group of decision makers. The method chosen to derive weights was the Analytic Hierarchy Process (AHP). (2) The three objectives considered in this paper were presented to represent each social group, yielding a pair wise comparison. In this way, four Saaty's [51] matrices were obtained. (3) From these matrices, and by resorting to a goal programming formulation [49] , the corresponding individual ''social" weights to each objective are found.
The MESEDES Implementation
The MESEDES proposed model was implemented in GAMS [52] . The computational implementation can use either CPLEX 11.0 solver [53] . The General Algebraic Modeling System (GAMS) is a highlevel modelling system for mathematical programming problems. The computational time to solve each case study was 1 s on a single-CPU Pentium IV 3.0 GHz.
Case study
The proposed MESEDES model is illustrated in a simple example that considers a small electricity system. Fig. 1 shows the diagram Fig. 1 . Illustration of case study considered in this paper.
for the case study considered. This system has three areas or subsystems. In each electricity area, there are infrastructures of power generation in operation (with solid line) and projected (with dotted line), as well as their interconnections thought transmission lines (TL). The subsystem CO is the main production center. The subsystems SE and NE are the main load centers. The planning horizon is 10-year period and in each year there is three loadblocks (base, middle and peak) with durations of 4000, 3000 and 1760 h, respectively. Full data of this case study are presented in Appendix A.
The first result was the pay-off matrix shown in Table 1 . The elements of this matrix are obtained by optimizing each objective separately over the constraint sets. For example, the elements in the first row indicate CO2 emissions of 238 Mton; total energy diversification of 147 Â 10 6 MW h and the least-cost solution of 6.060 Â 10 9 US$. The elements of the main diagonal represent the ideal values, whereas the largest value of each column indicates the corresponding antiideal. From the analysis of the information contained in the pay-off matrix, the following conclusions are obtained:
There is an important conflict degree between the three objectives considered. This conflict is especially remarkable between cost and GHG (the minimization of GHG implies high costs, and vice versa). In any case, a pair wise comparison between rows of the pay-off matrix shows a significant degree of conflict between the corresponding objectives. No solution generated by the single optimization of any objective seems acceptable. Therefore, it would be useful to look for compromise solutions between the three objectives considered. In this situation, the compromise model seems especially relevant. Some indications of the trade-offs (opportunity costs) between objectives can be obtained from the pay-off matrix. Thus, it may be observed that the maximization of the energy diversification implies a high cost (14.852 US$ Â 10 9 ), while the reduction of the GHE is ''cheaper" (11.252 US$ Â 10 9 ).
To elicit the preferential weights, the pay-off matrix and a questionnaire based on the AHP method were presented to social sectors representatives as described in the previous section. From the answers to the questionnaire, their preferential weights were elicited with the help of a goal programming formulation. The preferential weights considered in this example case are correspondent to the reality of Spain and it was withdrawn from Ref. [23] . Thus the aggregated weights considered in this case study are the following: w 1 (cost): 0.500; w 2 (GHG): 0.300; w 3 (Diversification): 0.200.
These weights may be considered quite reasonable, given the usual views of regulators for the criteria presented. Financial cost is the most important attribute, followed by GHG emissions (probably because of the recent political interest in this issue). The energy supply diversification, on the other hand, shows the smallest weight, which is also consistent with the current energy policy.
Finally, the ''social" preferences were introduced into the compromise model previously described, in order to obtain the two bounds L 1 and L1 of the compromise set and some intermediate solutions. The corresponding best-compromise solutions are presented in Table 2 , and can also be visualized in Fig. 2 . The solutions shown in Table 2 and Fig. 2 represent the range of efficient energy plans that are the best-compromise solutions, since their weighted distance with respect to the ideal point is minimal. It is important to notice the closeness of the L 1 and the L1 bounds of the compromise set. This means that for this case study, the solutions of maximum efficiency and maximum balance almost coincide. This simplifies the choice of an energy plan.
Notice that the L 1 (k = 0) metric should be the preferred solution, since it is the solution that achieves the best equilibrium between the different objectives. This preferred solution is highlighted (the circle filled). When this best solution is compared with the traditional least-cost solution (first row of Table 1 ) a 60.5938% reduction in CO2-eq emissions is obtained. Additionally, a 36.8% of improvement in the energy diversification is observed for a 16.1% increment in the cost of the electricity produced. From  Fig. 3 , one can notice that the best-compromise solutions have a larger promotion to the investments and dispatch of renewable technologies and DSM programs, and the coal and gas technologies represent together less than 10% of the total energy dispatch during the planning horizon.
From Fig. 3 , one can notice that nuclear technologies represent a considerable 20% of the total power dispatch along the expansion planning horizon, which may contradicts with the sustainable criteria. However, it takes place because the proposed model is meant to use the more economical powers plants associated with indirect GGH emissions.
Actually, there is an open question about nuclear energy. A feature of media commentary in recent years has been the repeated assertion that various environmentalists have been changed their views because of the harm of fossil fuels in comparison with the nuclear fuels. Table 3 presents the results of the L 1 best-compromise solution to variations of cost of excess emission penalty. Figs. 4 and 5 show the amount of ton CO2-eq captured in each power generation using CO2 capture technology during the planning horizon to an emission penalty null and of 100 US$/ton CO2-eq, respectively. Fig. 6 shows the power dispatch by fuel type during the planning horizon to the best (L 1 ) compromise solution considering an emission penalty of 100 US$/ton CO2-eq.
Study of carbon capture impact
From Table 3 , one can see that the amount of carbon capture is strongly dependent on the value of excess emission penalty. The GHG emission associated with a penalty of 100 US$/ton CO2-eq, is significantly reduced in 62.1592% with a 26.9455% ''reduction" in the total cost and the energy diversification is also improved in 4.1% with respect to a null penalty. The high emission penalty provokes a reduction in the total cost, indicating that the excess emission (corresponding to direct emissions) is negative (due to the strategic investment and ''dispatch" of carbon capture technologies). Hence, the system (or the country) has a surplus in the captured/allocated emissions, which would be available for trading under the CDM or others solutions such as described in Section 2.1. The consideration of high excess penalties promotes the construction and dispatch of power generation plants and efficiency energy projects. Fig. 6 depicts the low direct and indirect GHG emissions, such as renewable energy technologies, DSM programs and fuel-fired technologies with carbon capture technologies.
From Figs. 4-6 one can see that only the high excess emissions penalty effectively encourages the construction of carbon capture technologies. However, the net reduction GHG emission is small (only 2.8%), when indirect life-cycle emissions are considered.
Conclusions
In this paper a novel multiobjective, multiarea and multistage model for the integrated generation mix and transmission corridors expansion/investment planning incorporating some sustainable energy development criteria is presented. The proposed MESEDES model is a ''bottom-up" energy model which consider the electricity value-chain. The model decides the optimal location and timing of the electricity generation/transmission abroad the multistage planning horizon. In the paper three objectives belonging to sustainable energy development criteria are modelled. They are summarized as: (a) the minimization of expansion and operation costs of power generation and transmission corridors, investments cost in energy efficiency based on DSM programs CO2 capture costs; (b) minimization of GHG emission (CO2-eq); and (c) maximization of the diversification of electricity generation mix. A case study using realistic data is used to illustrate the proposed framework.
The integration of sustainable aspects can change completely the traditional view of least-cost planning methods. For instance, the inclusion of the cycle-life GHG emission causes a strong impact in the energy planning process. The indirect GHG emissions of power plants like bigger hydro plant can make this kind of plant being displaced by nuclear plants.
In the sustainability context the carbon capture technologies are useful to help the GHG emission reduction in complementary form with removable technologies and energy efficiency programs. However, this is true only for short and medium terms.
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